Background: Stroke can affect a variety of cognitive, perceptual, and motor abilities that are important for safe driving. Results of studies assessing post-stroke driving ability are quite variable in the areas and degree of driving impairment among patients. This highlights the need to consider clinical characteristics, including stroke subtype, when assessing driving performance.
inTrODUcTiOn Driving is a highly complex and important daily task. Safe driving requires many abilities, including cognitive, perceptual, and motor function, all of which can be impacted to varying degrees following stroke. Previous research suggests that patients poststroke are at twice the risk of collision compared to drivers who have not suffered a stroke (1) . Although some patients with stroke do not experience sufficient recovery to drive safely, many regain the ability to drive. Severe visual field deficits, perceptual impairments, and hemiparesis are accepted contraindications to safe driving. However, for patients who experience minor cognitive deficits, including mild attentional and executive dysfunction, that can be compensated for by other cognitive and behavioral functions, determining safe driving ability can be difficult (2) . Despite this, there are currently no validated tools or comprehensive guidelines (3) to help physicians assess the driving safety of patients after stroke. Given that driving cessation is associated with numerous negative consequences, it is important to balance patient independence with public and patient safety.
Results of studies assessing post-stroke driving ability (4) are quite variable in the areas and degree of driving impairment among patients (2) . One factor contributing to this is the heterogeneity of stroke mechanisms, areas affected, and recovery process of patients. This highlights the need to consider clinical characteristics (5-7) when assessing safe driving ability, including type of stroke.
The aim of our study was to investigate the simulated driving performance of different stroke subtypes-chronic ischemic stroke (IS) and subarachnoid hemorrhage (SAH). Given the different mechanisms of brain injury, as well as cognitive and functional profiles characteristic of IS (8) and SAH (9) , it follows that these stroke types might be associated with different driving profiles.
MaTerials anD MeThODs

Participants
Thirty-two patients with stroke, including 15 patients with SAH and 17 patients with IS, and 24 healthy age-and driving experience-matched controls participated in this study. Six (11%) participants experienced simulator sickness, including two patients with IS and four healthy controls, and were unable to complete the current study. This frequency of simulator sickness is consistent with the literature (10-80%) (10) . Thus, 30 patients with stroke, including 15 patients with SAH and 15 patients with IS, as well as 20 control participants completed the study.
All patients were recruited from St. Michael's Hospital, Toronto, ON, Canada. All diagnoses of aneurysmal SAH and IS were confirmed via CT or MRI scans. All patients were at least 3 months post-stroke. Any patients with a history of substance abuse, another neurological (e.g., Alzheimer's disease, and so on) or psychiatric condition (e.g., bipolar disorder, and so on), motor deficits that would prohibit the manipulation of the equipment, or visual deficits that failed to meet the Ontario Ministry of Transportation standards for driving were excluded. All patients currently held or previously held a valid driver's license immediately preceding the stroke.
Age-and driving experience-matched healthy control participants were recruited through the community and held a valid driver's license. Control participants had no history of neurological or psychiatric condition, no history of substance use, and no significant visual or motor abnormalities. Any control participant who scored <26 on the Montreal Cognitive Assessment (MoCA) (11) was excluded from the analyses.
This study was carried out in accordance with the recommendations of the Research Ethics Board at St. Michael's Hospital with written informed consent from all participants. All participants gave written informed consent in accordance with the Declaration of Helsinki and the protocol was approved by the Research Ethics Board at St. Michael's Hospital.
Driving simulation
A portable driving simulator (Logitech G25 model, STISIM Drive ® ) was used to assess driving performance. The set-up included a steering wheel, accelerator pedal, brake pedal, and signaling system. During the experimental session, participants drove through a city driving scenario with various conditionsstraight driving, right and left turns, and left turns with oncoming traffic. At intersections with oncoming traffic, participants need to judge when it is safe to turn in order to avoid other vehicles and pedestrians, which requires greater cognitive effort (12) . Variables of interest included the following: collisions, centerline crossings, road edge excursions, stop signs missed, speed exceedances, total driving errors (i.e., the sum of all individual errors), percentage distance out of the legal driving lane and over the posted speed limit, speed variability (SD in speed), and lane variability [standard deviation in lane position (SDLP)]. Patients were classified as "impaired" if the number of total driving errors committed was three SDs above the mean number of errors committed by healthy control drivers.
cognitive Tests
Cognitive tests that were administered to participants inclu ded the following: the MoCA (11), the Trail Making Test Part A (TMT-A) and Part B (TMT-B) (13) , and the Useful Field of View test (UFOV) (14) . The MoCA is a quick screening tool for cognitive dysfunction and was used to screen healthy control participants for any underlying cognitive impairment. The TMT is a measure of attention, speed, and mental flexibility. The UFOV measures vision and visual attention. Both the TMT and UFOV have been widely explored in the stroke and driving literature (15) .
statistical analyses
Data collected from patients with stroke and healthy controls were compared using the non-parametric Mann-Whitney U test and Kruskal-Wallis H test. Post hoc testing was conducted with Bonferroni corrections for two comparisons-IS stroke vs. healthy controls and SAH vs. healthy controls.
A preliminary analysis was performed to investigate the effect of clinical characteristics on driving performance with the IS and SAH groups. Kruskal-Wallis H test was used to compare 
resUlTs
There were no significant differences between patients with stroke and healthy controls on most demographic variables, including age, sex, driving experience (years and hours of driving per week), and self-reported accidents (p > 0.05); however, patients with SAH had a significantly lower education compared to healthy controls and patients with IS (p < 0.001; see Table 1 for Demographic and Cognitive Scores). Patients with IS and SAH scored significantly worse on the MoCA and TMT-A compared to healthy controls (p < 0.01). Patients with SAH additionally scored significantly worse on TMT-B compared to healthy controls (p < 0.05).
The average duration between stroke onset and time of testing was 34 months for IS patients and 22.5 months for SAH patients ( Table 2 ). All patients with IS scored in the mild to moderate range (range = 0-10) of the National Institute of Health Stroke Scale (NIHSS) (16) at admission and in the mild range (range = 0-5) at hospital discharge. All patients with SAH were considered to have "good grade" SAH (17) and scored between 1 and 3 on the World Federation of Neurological Societies SAH (WFNS) classification.
Driving Performance of individuals after stroke
Nine patients (30%) exhibited driving impairment, committing more than three SDs above the mean number of errors committed by healthy control drivers (>28 total driving errors). No control drivers were classified as impaired. Patients with stroke (IS + SAH) committed significantly more total driving errors (21.2 vs. 10.9, U = 137.5, p = 0.001), centerline crossings (5.7 vs. 1.6, U = 142.5, p < 0.005), road edge excursions (1.9 vs. 0.4, U = 207.5, p < 0.05), and speed exceedances (10.8 vs. 6.8, U = 197, p < 0.05) compared to healthy controls ( Table 3) 
Side of Lesion and Driving Performance in IS Patients
A preliminary analysis was performed to investigate differences in driving performance among IS patients with right (n = 8) and left (n = 6) sided lesions across select variables of interest. No significant differences emerged between controls and IS patients with left-sided lesions; however, patients with right-sided lesions committed significantly more total driving errors (24.6 vs. 10.9, U = 27.5, p < 0.05) and spent a significantly greater distance out of the legal driving lane (3.3 vs. 0.3, U = 26.0, p = 0.01) compared to healthy control drivers. No cognitive differences emerged for left-sided lesions and control participants, whereas patients with right-sided lesions performed significantly worse on the TMT-A, TMT-B, MoCA, and UFOV divided attention ( Table 6 ).
Anterior Communicating Artery and MCA Aneurysms and Driving Performance
A second preliminary analysis was performed to investigate differences in driving performance among SAH patients with anterior communicating artery (n = 6) and MCA (n Table 8 .
DiscUssiOn
Despite the high prevalence of cognitive, perceptual, and motor deficits after stroke, patients are not consistently provided with driving advice from physicians or any form of assessment to evaluate their ability to drive safely (18) . To our knowledge, this study represents the first to evaluate the driving performance of On a group level, stroke patients committed approximately twice as many total driving errors and over three times as many centerline crossings compared to healthy controls. Previous studies assessing driving ability after stroke reported variable results, with some on-road and simulated driving studies reporting that stroke patients are at an increased risk of impairment, including lane positioning and overall performance, whereas others report little to no impairment in these areas (2) . One factor contributing to these inconsistencies is the variable methodology employed across studies, including the heterogeneity of stroke (e.g., the underlying stroke mechanism, affected brain regions, and pathways), study design, and driving performance protocols (2, 5, 6 ). Both IS and SAH patients similarly exhibited difficulty with lane maintenance (IS: percentage distance out of driving lane; SAH: percentage distance out of driving lane, number of lane deviations). This suggests that, regardless of subtype, patients after stroke may be at risk for impairment in lane control. Furthermore, differences in driving profiles emerged for the two subtypes, highlighting the importance of evaluating the driving ability of various stroke subtypes separately. Specifically, IS patients additionally demonstrated difficulty with speed control (percentage distance over the speed limit), whereas SAH patients exhibited difficulty with turning behavior, particularly during more cognitively demanding left turns with oncoming traffic.
p-values reported for all stroke patients vs. healthy control comparison (Mann-Whitney U test). b p-values reported from Kruskal-Wallis test analyses (IS stroke vs. SAH vs. healthy control comparison). c Total errors include: sum of collisions, speed exceedances, centerline crossings, road edge excursions, stop signs missed. d Turning errors include collisions, centerline crossings, and road edge excursions. e Kruskal-Wallis test was significant for left turns across stroke subtypes and controls, but results were no longer significant after the Bonferroni correction. The number of right turns is greater than the number of left turns and left turns with traffic, which is why the number of errors committed is greatest during this condition. f Total turning errors: sum of errors committed during right turns, left turns, and left turns with traffic.
A previous study conducted by Devos and colleagues (5) supported the importance of accounting for clinical characteristics as well as assessing lane positioning and performance during cognitively demanding aspects of driving after stroke. Specifically, lateral lane position change and tasks requiring higher order cognitive processing (e.g., understanding, insight, and quality of traffic participation) emerged as the best predictors of on-road test decision (5) . Furthermore, different items emerged as the best predictors of performance for right and left hemisphere lesions. These results combined with current results reinforce the importance of (1) evaluating lane maintenance and cognitively demanding aspects of driving, including turning and (2) accounting for various stroke characteristics (e.g., lateralization, stroke type, etc.) when assessing the driving performance of patients after stroke.
A preliminary analysis was performed to investigate the utility of select clinical variables in characterizing the driving performance of IS and SAH. Specifically, we compared the driving performance of healthy controls and stroke patients by stratifying by side of lesion for IS patients and aneurysm territories for SAH patients (anterior communicating artery and MCA). Given the low sample size of the current study, this preliminary analysis was limited to these variables. IS with right-sided lesions (n = 8) committed significantly more total driving errors and demonstrated difficulty with lane maintenance (percentage distance out of the lane) compared to healthy control drivers. Furthermore, IS patients with rightsided lesions performed significantly worse than controls on multiple cognitive tasks-the TMT-A, TMT-B, MoCA, and UFOV divided attention. No differences emerged between IS with left-sided lesions (n = 6) across and driving or cognitive variables. The second analysis among SAH patients showed that those with MCA aneurysms (n = 5) spent a significantly greater distance out of the driving lane compared to controls and performed significantly worse, cognitively, on the MoCA and TMT-A. No differences emerged between controls and patients with anterior communicating artery aneurysms (n = 6). Taken together, these results suggest that IS patients with right-sided lesions and SAH patients with MCA aneurysms may be at particular risk for difficulty in driving performance, particularly lane maintenance, potentially related to subtle cognitive changes. Despite these promising findings, the sample size in this preliminary analysis was quite small and results should be interpreted with caution. Across all stroke patients (IS + SAH), no cognitive tests were associated with driving outcomes. Variability in cognitive associations emerged across the stroke subtypes. Among patients with IS, the TMT-A, TMT-B, UFOV divided attention, and UFOV selective attention were significantly associated (rs > 0.6, p < 0.05) with difficulty in lane maintenance (percentage distance out of the legal driving lane); however, these measures were not associated with total errors, turning errors, or speed maintenance (percentage distance over the speed limit) among patients with IS. No cognitive tests were associated with driving performance among patients with SAH. Similarly, a few previous studies have supported the use of the TMT (15, 19) and UFOV (15, 20, 21) in predicting driving performance among patients with stroke, whereas others report that these same measures offer no utility (22, 23) . These results combined with the results of the current study suggest that the TMT and UFOV may offer some utility in predicting driving performance after stroke, particularly among those with IS; however, given the inconsistencies reported across studies, including the current study, no cognitive test has shown the sensitivity and specificity required to be implemented in a clinical setting.
There are a few limitations that warrant acknowledgment. High within-group variability was observed for both the IS and SAH groups, which is likely a factor contributing to the lack of significant finding in the IS (centerline crossings range = 0-32; left turn + traffic errors range = 0-8) as well as the SAH (collisions range = 0-12) groups. This reinforces that variability poststroke extends beyond cognitive and neurological outcomes to one of the most complex functional tasks-driving. In addition, the current study included a relatively small sample size and did not include patients with intracerebral hemorrhage. Although in our preliminary analysis, we looked at a couple important clinical characteristics, we did not account for many other clinical characteristics and categories (e.g., bilateral lateralization, IS location, other SAH territories beyond anterior communicating artery and MCA, time since onset, severity of cognitive impairment, and so on). Given the heterogeneous presentation of stroke, it would be important for future research to include other stroke subtypes (e.g., intracerebral hemorrhage) as well as a larger sample size to account for other stroke characteristics (e.g., a variety of locations, size of lesion, severity of cognitive impairment, and functional ability) in addition to stroke subtype. In particular, previous driving studies across multiple neurological populations have emphasized the importance of executive function for safe driving (24, 25) . Given this, coupled with the prevalence of executive dysfunction post-stroke, a more comprehensive examination of the influence of difficulties in executive function on driving ability post-stroke would be an important area of future research.
cOnclUsiOn
Both individuals with IS and SAH exhibited difficulty with lane maintenance. Patients with IS additionally exhibited difficul ty with speed maintenance, whereas SAH patients exhibited diffi culty turning performance, particularly during left turns with traffic. Although most patients demonstrated safe driving behavior or minor difficulties, 30% exhibited impaired simulated driving behavior. This is concerning, as patients after stroke often do not receive driving advice from healthcare professionals or receive any form of driving evaluation (26, 27) . Preliminary results suggest that IS patients with right-sided lesions and SAH patients with MCA aneurysms may be at particular risk for driving difficulty, particularly with lane maintenance; however, future large-scale work is required to confirm and expand on these findings. The TMT and UFOV may offer some utility in predicting driving performance among patients with IS; however, more research is required to determine the clinical utility of these measures. Thus, there are no tools with adequate sensitivity or specificity to assist healthcare professionals in determining driving safety. The current results highlight the importance of physicians discussing driving with their patients after stroke, both acutely and at followup, and investigating the driving ability, as well as their cognitive correlates, of different subtypes of stroke separately.
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